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Introduction {#sec0005}
============

During the development of multicellular organisms, cells release and receive vital paracrine information to instruct and influence cellular behavior. This intercellular communication controls specific intracellular signalling cascades which allow the recipient cells to grow, to divide or to differentiate. Such an orchestrated cellular behavior is essential for the development of tissues and organs. Specific cell groups, which are active in producing and releasing a variety of signals, are referred to as organizers \[[@bib0005]\]. The morphogens emitted from organizers instruct the development, form and function of the neighbouring tissues and organs by formation of concentration gradients in the neighbouring tissue. However, the mechanism of morphogen dissemination has been debated. Several ways might allow paracrine signalling to occur, such as dissemination of signalling molecules via diffusion and on exovesicles \[[@bib0010],[@bib0015]\]. However, recently, thin and actin-rich membranous protrusions --- signalling cytonemes --- have emerged as key players in mobilizing morphogens in a tissue during embryonic development \[[@bib0020], [@bib0025], [@bib0030]\]. Cytonemes have been shown to transport essential components of signalling pathways such as BMP, Fgf, Shh, and Wnt between cells. These cellular extensions present some unique and characteristic features in comparison to other suggested transport mechanisms: Cytonemes are highly dynamic and can form and retract within minutes. They can extend over hundreds of micrometres to contact distant cells. Their emergence is precisely controlled by the cytoneme-producing cell and the extracellular space through which they traverse. In addition, the targeted cell -- including the subcellular region on the target-cell membrane to which the cytonemes connect -- is carefully chosen. Importantly, cytonemal transport allows a high degree of organization in exchanging essential information during tissue development. However, this communication route requires a complex molecular mechanism to regulate all the attributes mentioned above.

In this review, we will elucidate recent advances in our understanding of the presentation of signals through cytonemes to which refer to as cytoneme-mediated transport. Specifically, we will describe the requirement of cytonemal transport for signalling components of the BMP, Wnt and Shh families. We will further examine which molecular mechanisms underlie the behavior of cytonemes. Finally, we will discuss the consequences of cytoneme-based transport on gradient formation.

Cytonemes operate in various signalling networks {#sec0010}
================================================

Cytonemes have been first described in the Drosophila wing imaginal disc \[[@bib0035]\]. These signalling filopodia are thin, actin-rich protrusions and respond to signals from morphogen-producing centres. Decapentaplegic (Dpp), which belongs to the BMP family, is required for patterning the wing disc \[[@bib0040],[@bib0045]\]. Dpp is expressed at the anteroposterior boundary and signals to neighbouring cells of the wing disc epithelium. Dpp-receiving cells from the wing imaginal disc package the Dpp receptor Thickveins (Tkv) on apical cytonemes and direct these to the Dpp source ([Figure 1](#fig0005){ref-type="fig"}a) \[[@bib0050],[@bib0055]\]. Abrogation of cytonemes restricts the range of Dpp signalling and thus causes reduced growth.Figure 1Cytoneme-based transport of signalling components.**(a)** Cytonemes can be loaded with receptors and be extend towards the signal producing cell and Fgf trafficking in flies serves as an example. **(b)** Ligands and receptors can be loaded on cytonemes and inter-cytonemal contacts are established as seen for Hh signalling. **(c)** The ligands can be mobilized on cytonemes and transported to the receiving cells and, indeed, Wnt proteins are tranported on cytonemes in zebrafish development.Figure 1

In addition to Dpp, Fgf signalling is also essential in *Drosophila* embryogenesis with an essential role for the development and maintenance of the tracheal system \[[@bib0060],[@bib0065]\]. Indeed, cells of the air sac primordium require Dpp and Fgf to regulate proliferation and differentiation. Similar to the situation in the wing imaginal disc, air sac primordium cells of developing trachea in the wing disc load the Dpp receptor Tkv or the Fgf receptor breathless (Btl) on tracheal cytonemes, which orient towards the morphogen sources in the wing disc \[[@bib0070],[@bib0075]\]. However, cytonemes are only loaded with either Tkv or Btl, indicating high specificity. In turn, Fgf signalling induces the formation of longer signalling filopodia to allow a more efficient uptake of the ligand from the producing cells \[[@bib0060],[@bib0070]\]. Another example is the eye imaginal disc: cells in the eye disc make cytonemes that respond to Egf/Spitz. A common feature of these signalling systems is that the specific ligands are hydrophilic and the transmembrane spanning receptors are loaded onto cytonemes. Although, the nature of the ligand would allow a diffusion-based propagation, the receptors pick up the ligand directly at the source cell. We can assume that such a mechanism allows precisely controlled and directed long-range signalling.

During Hedgehog (Hh) signalling and Wnt signalling, both the morphogen ligands and their receptors can be distributed by cytonemes \[[@bib0080]\]. These signalling systems require the distribution of lipid-modified, hydrophobic ligands, which presumably complicates diffusion-based transport. The Hh protein is covalently modified by two lipid moieties, cholesterol and palmitate, and their hydrophobic properties are thought to govern cellular release. In *Drosophila*, Hh is produced in the posterior wing compartment. After lipid-modification, Hh is routed to the basal side of the wing epithelium, where it is released and forms a signalling gradient \[[@bib0085]\]. Hedgehog morphogen is transported via vesicles along cytonemes, which act as conduits for morphogen movement ([Figure 1](#fig0005){ref-type="fig"}b) \[[@bib0090]\]. In addition to the signal-producing cells, cytonemes also protrude from Hh-receiving cells \[[@bib0095],[@bib0100]\]. The canonical Hh receptor Patched is localized on these cellular protrusions and Hh reception takes place at membrane contact sites between Hh-sending and Hh-receiving cytonemes. The vertebrate homologue Sonic Hedgehog (Shh) is expressed in the polarizing region (or zone of polarizing activity), a small group of mesenchymal cells at the posterior margin of the vertebrate limb bud. In the chick limb, Shh is transported to the responding cells through cytonemes \[[@bib0105]\]. Similar to the situation in *Drosophila*, the Shh receptor, BOC, can also be found on cytonemes of Shh-receiving cells in chicken, which expands the signalling range to several hundreds of μm in the developing chick limb anlage.

Finally, Wnt signalling is critical for cell proliferation and differentiation during embryogenesis. Wnt ligands are also lipid-modified. For example, molecular analysis of Wnt3a revealed that the serine 209 is modified with a monounsaturated fatty acid, a palmitoleic acid \[[@bib0110]\]. Cytonemes are also fundamental for transporting Wnt signals. Cytonemal transport of Wnt8a is essential during neural plate patterning during zebrafish gastrulation \[[@bib0115]\]. Wnt is loaded on cytonemes and can be found at the cytonemal tip ([Figure 1](#fig0005){ref-type="fig"}c). Wnt cytonemes have also been detected in mouse intestinal crypts in which myofibroblasts send Wnt signals via cytonemes to the intestinal crypt cells \[[@bib0120]\]. In chick, there is evidence that also the Wnt receptor Frizzled7 (Fzd7) is required for somite formation and Fzd7 puncta could be detected on cytonemes emitting from the ectodermal layer \[[@bib0125]\]. These findings are similar to observations in *Drosophila,* in which cytonemes containing Fzd receptors extend from myofibroblasts to pick up Wg signal from the wing disc \[[@bib0130]\]. Therefore, in Wnt signalling there is evidence that both the ligand as well as the receptor can be loaded on cytonemes to exchange Wnt signals \[[@bib0135]\].

Besides their function in development, cytonemes also play an important role in tissue homeostasis. Cytoneme-based transport seems to be crucial in cancer as Wnt cytonemes can regulate proliferation in gastric cancer cells \[[@bib0120]\]. Complementary to this, the inhibition of essential cytoneme regulators such as diaphanous and capricious inhibits tumor growth and restores the apical basal polarity to tumour cells in *Drosophila* \[[@bib0140]\]. These results indicate that cytoneme-mediated signalling can be crucial for tumour growth and malignancy. During zebrafish colour pattern formation, actin-containing filopodia from macrophages contact neighbouring xanthophores to relay long-range signalling between non-immune cells \[[@bib0145]\]. In summary, we find that the paracrine activation of several signalling pathways relies on cytonemes. This raises the question whether filopodia-mediated exchange is the advancement of juxtacrine signalling between directly neighbouring cells in expanding tissues and organisms. Furthermore, it seems crucial to analyse the molecular nature of the ligands to predict which signalling components are loaded on cytonemes and if an anterograde and/or retrograde transport of the ligand can be expected.

Formation and function of cytonemes {#sec0015}
===================================

Because of the important role of specialized filopodia during signal transport in development, the focus in cytoneme biology has shifted towards deciphering the molecular mechanisms which underlie their formation, in particular the length and the number of filopodia, which affects downstream signalling. In several mathematical models, these parameters have been highlighted as crucial to determining signalling range and potentially the morphogen gradient \[[@bib0150],[@bib0155]\]. In general, cytoneme emergence can be controlled by altering the actin cytoskeleton. Cytonemes share many characteristics with filopodia. Therefore, blockage of filopodia regulators are often used to interfere with cytonemes. However, the identification of cytoneme-specific regulators remains in its infancy. Recent experiments in zebrafish have started to shed light on the underlying mechanism. Wnt cytonemes are regulated by autocrine Wnt/Planar Cell Polarity (PCP) signalling \[[@bib0120]\]. Wnt8a binds to the receptor tyrosine kinase Ror2 to activate the filopodia nucleation machinery including RhoA-dependent signalling. Ror2 is crucial for the induction of cytonemes, thus, enhanced Ror2 signalling leads to an increase in cytoneme number. Furthermore, the downstream regulators of the PCP pathway, Cdc42 and N-Wasp control length and branching behavior of Wnt cytonemes \[[@bib0115]\]. In the mouse intestinal crypt, filopodia formation can be stimulated through activation of the stem cell markers Lgr4/5, therefore, it is tempting to speculate that these filopodia carry signalling factors \[[@bib0160],[@bib0165]\]. In conclusion, it seems that signalling pathway-specific components such as co-receptors are required to regulate the filopodia nucleation machinery. This assumption could also explain the specificity of cytonemes for individual signalling systems \[[@bib0170]\]. The identification of these factors for the other cytoneme-dependent pathways described above will be an important aim in cytoneme biology in the future.

Cytonemes and morphogenetic fields {#sec0020}
==================================

Many theories invoked the concept of *morphogens* -- chemical signalling molecules capable of directing the behavior and differentiation of cells. The seminal model of Turing proposed that a system of reacting and diffusing molecules could form a spatially periodic pattern \[[@bib0175]\]. Subsequently, the French-flag model of Wolpert proposed that a non-uniform distribution of a morphogen could pattern a tissue via distinct differentiation paths being followed by cells according to the morphogen level \[[@bib0180]\]. However, these models are based on the assumption that morphogens are disseminated via diffusion. How could morphogen gradients form in light of the recent advances in contact-mediated morphogen transport? Key morphogens in development are the Hh and Fgf proteins, which form morphogen gradients to influence tissue patterning. Hedgehog is transported from the posterior compartment to the anterior compartment cells in the *Drosophila* wing disc. Cells from both compartments form cytonemes and the two sets of cytonemes make contact through the basal side of the epithelium. Hh is loaded on exosomes and transported through cytonemes, which act as conduits \[[@bib0090],[@bib0185]\]. The distance to the source and the steepness of the gradient is influenced by the length of the cytonemes and by the number of contact points along individual cytonemes ([Figure 2](#fig0010){ref-type="fig"}a) \[[@bib0095]\].Figure 2Morphogentic field formation and cytonemes.**(a)** The Hh gradient is influenced by number of cytonemal contact points between cytonemes. **(b)** The Wnt gradient in the neural plate in zebrafish is regulated by the number of cytoneme contact sites. In addition, the expansion of the target tissue ensures long-range signalling. **(c)** The Fgf signalling gradient in air sac primordium cells in Drosophila is determined by the number of cytonemes and a positive-feedback loop regulation as Fgf signalling enhances cytoneme formation. The red graphs illustrate the intial gradient, whereas the yellow curves illustrate the gradient after the indicated alterations in cytoneme emergence.Figure 2

A fundamentally different way to establish a morphogenetic gradient has been described in zebrafish neural plate patterning \[[@bib0190]\]. In this context, the initial range of the signalling gradient is set by the length of the cytonemes. However, during development of the neural plate, the tissue extends from 50 μm to 600 μm, although the Wnt source is kept constant. Therefore, Wnt-receiving tissue is expanding and cells are continuously moving out of the cytonemal area of influence. Consequently, the lengths of the cytonemes and tissue movement -- that is, expansion on the neural plate -- contribute to the range of the gradient ([Figure 2](#fig0010){ref-type="fig"}b). The steepness, in contrast, is determined by the frequency of contacts by cytonemes, as Wnt is exchanged mainly on the tip of cytonemes and therefore one cytoneme equals one event of signal activation.

A third option was put forward to explain the establishment of the Fgf gradient in the Drosophila air sac primordium. In the tracheal system, airway cells load the Fgf receptor Btl on cytonemes to pick up Fgf ligand from the wing imaginal disc \[[@bib0070]\]. The Fgf gradient in the airway tissue is created because airway cells near Fgf producing cells generate more cytonemes, and therefore collect more Fgf ligand compared to more distant cells ([Figure 2](#fig0010){ref-type="fig"}c). The graded number of cytonemes regulate, therefore, the steepness of the Fgf morphogen gradient. Interestingly, the Fgf signal induces the formation of cytonemes. This positive feedback loop increases the steepness of the slope over time. In summary, there are several ways that suggest that morphogen gradients can be formed if cells communicate via cytonemes. This further suggests that we need to develop novel mathematical models to explain the idea of gradient formation according to Turing and Wolpert however based on cytonemal distribution of the morphogenetic signal.

Conclusion {#sec0025}
==========

Since the initial observation of cytonemes 20 years ago, many reports have highlighted the importance of cytonemes in morphogenetic systems. Cytonemal transport of signalling components have specific advantages compared to a diffusion-based ligand transport as illustrated in this review. However, cytoneme biology is still in its infancy. A striking feature of cytonemes is the possibility of a two-way communication: To date, research focuses on cytoneme-mediated signal transport and the activation of signalling cascades in the receiver cell. However, it may also signal backwards to the producing cell, but it is unknown how such retrograde signalling is conveyed. Furthermore, the physical properties of a cytoneme contact site and its influence on signalling needs to be explored in the future. For example, the underlying signal sensing and physical force application through cellular protrusions remains to be investigated. However, these questions were outshone by one of the most exciting findings, that essential factors of neuronal signalling at synapses have been identified at cytoneme contact sites \[[@bib0195]\]. Manipulation of calcium signalling and alteration of the activity of glutamate receptors such as GluRII influence cytoneme-mediated Dpp signalling in Drosophila. These observations suggest that cytoneme contact sites share common features with a neuronal synapse and the future will tell if cytoneme contact sites and synapses share a common origin.

Considering the multifunctional facets of cytoneme-mediated signalling much further research is needed elucidating the aspects on the molecular, cellular and tissue levels of this exciting transport mechanism before intercellular communication is fully understood.
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